55
Introduction 56 Soli salinity is one of the major abiotic stresses limiting factors in agricultural crop 57 productivity and distribution around the world (Alharby et al., 2018). Therefore, developing 58 salt tolerant and high yielding crop varieties is essential for preventing the yield loss in food 59 production (Yamaguchi & Blumwald, 2005) . Marine yeasts are tolerant to high salt stress and 60 have evolved to form species-specific genetic mechanisms for the regulation of salt tolerance 61 (Kutty & Philip, 2008) . It is promising for understand the salinity defense and tolerance 62 mechanisms of marine red yeasts, which will contribute to the knowledge required to 63 traditional breeding and genetically engineer salt tolerant crops (Flowers, 2004) . 64 
Sporobolomyces pararoseus (previously as Sporidiobolus pararoseus) is a kind of carotenoids-
65 producing marine red yeast that grows usually on the marine ecological environment in China 66 (Shen et al., 2019) . In addition, S. pararoseus was found in freshwater lake, reef surface, plant 67 leaf, and even heavy metal contaminated soil (Fai & Grant, 2009 ). Furthermore, S. pararoseus 68 shows a salinity tolerance up to 1.5 M NaCl, which is about four times of the sea water salinity 69 (Tada et al., 2019; . Moreover, yeast cells are widely used for the abiotic stress 70 research due to advantages like fast growing, easy culture and low-cost than plants (Mouaheb 71 et al., 1998) . Therefore, S. pararoseus is an ideal biomaterial for the study of salt tolerance.
72
Salt stress causes ionic stress, osmotic stress and secondary stresses, particularly oxidative 73 stress (Yadav et al., 2011) . To tolerate the high salt stress, marine red yeasts should have 74 evolved a range of physiological and biochemical molecular adjustment mechanisms to keep 75 growth and development (Yang et al., 2011) . Biological adaptive defenses to salt stress mainly 76 include ion homeostasis, signaling transduction, and detoxification etc. (Yang & Guo, 2018 235 Association of transcriptomic and metabolomic changes involved in crucial pathways 236 To obtain more informational perspective on the physiological defenses and tolerance of S. 237 pararoseus NGR in response to salt stress, we focused on the association between gene 238 expression and metabolites biosynthesis of salt-responsive changes. In general, several genes 239 encoding key enzymes were involved in either biosynthesis or degradation process of crucial 240 metabolites, suggesting that these genes are vital targets for S. pararoseus when exposed to 241 high salt stress. It is noteworthy that pathways involved in amino acid metabolism, 242 carbohydrate metabolism, and lipid metabolism were enriched significantly in both 243 transcriptomic and metabolomic data. As shown in Fig. 4 , we performed the network 244 regulation analysis using significantly enriched (Pearson correlation coefficient > 0.99 and p-245 value < 0.01) pathways of amino acid metabolism, carbohydrate metabolism, and lipid 246 metabolism. As shown in Table 1 , co-expression analysis revealed that 28 genes and 8 247 metabolites play a key central regulatory role in the response and defense of salt stress in S. 248 pararoseus NGR. Among these 28 DGEs, comp1908_c0, comp5371_c0, comp7391_c0, and 249 comp5481_c0 were significantly up-regulated, while the others were down-regulated. All of 250 the 8 differently accumulated metabolites were down-regulated. These results will provide 251 valuable clues for our subsequent verification work of salt-tolerance.
252 Validation of RNA-seq data by RT-qPCR 253 In order to providing more support to the RNA-seq results, RT-qPCR was performed for the 254 28 selected genes. The 26S rDNA was used as an internal gene. After exposed to NaCl, the 255 expression of the 26S rDNA was not affected. As shown in Fig. 5 (A-B), most selected genes 256 were consistent with the results of RNA-seq. The agreement between the gene expression in 257 RT-qPCR and the RNA-seq data suggested that the RNA-seq should be reliable in this study.
Discussion
259 Soil salinity is a major environmental stress limiting crops growth and productivity. Salt-260 tolerant research is a hot topic in the field of biology and one of the main directions to solve 261 the increasingly serious problem of soil salinity (Zhu, 2016) . However, the current studies 262 associated with salt-tolerant mainly focuses on the field of botany. Marine red yeast as a class 263 of unconventional microorganisms, have developed its unique species-specific salt-tolerant 264 mechanism via natural selection in high-salt marine ecosystems. Furthermore, compared with 265 plants, the microbial cell offsets problems of seasonal and geographic variability. Although the 266 salt tolerance mechanism of marine red yeasts may not be as complex as that of plants, it is 267 also worth studying. In the present work, we tracked the transcriptomic and metabolomic 268 changes in S. pararoseus NGR under salt stress over a period of 3 days. These results indicated 269 that pathways involved in amino acid metabolism, carbohydrate metabolism, and lipid 270 metabolism were enriched significantly in response to salt stress. Subsequently, through co-271 expression network analysis, we screened out 28 unigenes and 8 metabolites, which should 272 play an indirect regulation role in the tolerance of salt stress in S. pararoseus NGR.
273
Generally, most free amino acids are considered as osmotic a regulatory factor, which 274 implies that the accumulation or degradation of free amino acids is crucial in response to salt 275 stress . Moreover, when the S. pararoseus NGR was exposed to salt stress, 306 substrate for increased lipid metabolites; 2) providing substrates for increased amino acids, 307 carbohydrates, and carotenoids; 3) participating in energy metabolism to provide energy. 308 These three ways will indirectly assist S. pararoseus NGR against salinity.
309
In this work, carotenoids have not been detected, due to technical bottlenecks of the 310 present untargeted metabolome. Whereas, our previous studies have demonstrated that all of 311 three carotenoids (torulene, torularhodin, and β-carotene) have the most contribution of 312 resistance to oxidative damage from salt stress in S. pararoseus NGR, and torulene showed the 313 dominated effect among them . Therefore, we concluded that torulene 314 biosynthesis should be considered a novel salt-tolerant pathway. As shown in 326 Moreover, we have found some candidate genes by transcriptome analysis, but the validation 327 of these genes is still not completed. But this does not affect the application of torulene 328 biosynthetic pathway in molecular breeding of salt-tolerant crops. Because, Neurospora crassa 329 is another well-known torulene producer, and the biosynthesis of its torulene is carried out by 330 catalyzing geranyl-geranyl diphosphate (GGPP) by AL-1 (phytoene dehydrogenase) and AL-2 331 (lycopene cyclase/phytoene synthase) has been reported (Hausmann & Sandmann, 2000) . In 332 addition, researchers successfully transferred the psy (phytoene synthase) and lcy (lycopene β- Co-expression network analyses of the key regulatory genes and metabolites assigned to amino acid metabolism, carbohydrate metabolism, and lipid metabolism.
The integrative network was generated using MetScape plugin for Cytoscape software Schematic representation of salt-stress responses mechanism carried out by S.
pararoseus NGR.
Torulene is priority participated in scavenging ROS induced by salt stress, followed by torularhodin and β-carotene. SOS2: salt overly sensitive signal pathway; MAPK: mitogenactivated protein kinase signal pathway.
Figure 7
Design of a torulene and β-carotene biosynthetic pathway and responsible enzymes in transgenic crops.
CrtE, geranyl-geranyl diphosphate (GGPP) synthase; AL-1, phytoene dehydrogenase of Neurospora crassa; AL-2, lycopene cyclase/phytoene synthase of Neurospora crassa.
